INTRODUCTION

HeH
+ is thought to be the first molecular species to appear in the Universe (Lepp et al. 2002) . Consequently, stars formed from primordial material should contain some HeH + . Such stars probably exist, Kashlinsky and Rees (1983) proposed a route by which stars of mass as low as 0.2 M⊙ could be formed from primordial material. Moreover, the recent discovery of the very metal poor star HE 0107-5240 (Christlieb et al. 2002) has added credence to the possibility that low-mass primordial stars were formed. Observing such stars would provide much information about the early Universe, and could give an estimate of its age. Then, HeH + could influence their formation and evolution. To have accurate information about the stellar formation and evolution, we need to have the necessary opacity data.
For zero-metallicity stars, the only contributors to the opacity are the various hydrogen and helium species, ions and electrons. Many hydrogen and helium species have already been included in calculated opacity of zero-metallicity stars but HeH + has always been neglected in such calculations (Harris et al. 2003) . However, HeH + could be important because of its strong electric dipole moment. There appears to be no available opacity data for HeH + and its isotopologues. Such an opacity is calculated in this work. These calculations provide predictions of the line intensity of HeH + , which also could be used to search for this molecular ion in the Universe.
There have been several previous attempts to detect extraterrestrial HeH + : none conclusive. Moorhead et al. (1987) tried to detect HeH + in the planetary nebula NGC 7027 but failed. According to Cecchi-Pestellini and Dalgarno (1993) , this failure arose from an incorrect estimate of the chemistry of HeH + and hence of its concentration in the planetary nebula. Furthermore Moorhead et al. (1987) may not have observed the right volume of the nebula. Miller et al. (1992) tentatively identified two emission features in the spectra of supernova 1987A as due to HeH + . This observation has not been confirmed. The HeH + j=1-0 rotational emission line may have been observed by the Infrared Space Observatory in NGC 7027 (Liu et al. 1997 ). Its identification is complicated by the near coincidence of its 149.14 µm rotational transition with the 149.09 and 149.39 µm lines of CH. Moreover, Rabadan et al. (1998) found that the electron impact excitation rate to the j = 2 rotational level from j = 0 is half that for j = 1 − 0. As a result, observation of both j = 2 − 1 and j = 1 − 0 emission lines should be possible. Observation of both these would give a much more secure detection of HeH + .
Having accurate theoretical predictions for the spectrum of low-metallicity stars should help to determine the best conditions to search for and detect HeH + . Knowing the spectrum of HeH + should also aid its detection in other astrophysical environments. Zygelman et al. (1998) investigated the possibility for enhancement of the rate of formation of HeH + in astrophysical environments when stimulated by the cosmic background radiation field. They found that the effects on the fractional abundance of HeH + are small in the early Universe, in supernova ejecta and in planetary nebulae but may be important in quasar broad-line clouds.
As our calculations show (see below), it could be possible to detect HeH + in cool helium stars. Such stars exist, Saio and Jeffery (2000) have observed and studied helium stars, and particularly V625 Her, for more than 20 years. They showed that the merger of two white dwarfs could lead to an extreme helium star (containing a number fraction of helium around 0.9). On the other hand, Bergeron and Leggett (2002) studied two cool white dwarfs SDSS 1337+00 and LHS 3250 and found that their observed energy distributions were best reproduced by models of cool extreme helium stars, and so these stars should be such ob-jects. However, they did not take account of HeH + in their atmosphere models (Bergeron et al. 2001) . Similarly Stancil (1994) in cool white dwarfs but neglected the effect of HeH + which is however a more stable ion.
In this work we will investigate the effect of HeH + on the opacity of zero-metallicity stars. In section 2 we will describe the steps leading to the calculation of the energy levels of all stable isotopologues of HeH + and compute a spectroscopic line list and their partition function. In section 3 we explain how the opacity functions were calculated and use them in models of metal poor stars for different temperatures, densities and hydrogen number fractions. Finally, results are discussed in section 4.
CALCULATION OF THE LINE LIST
Transition Data
The program LEVEL 7.5 (Le Roy 2002) was used to obtain rotation-vibration transition frequencies and Einstein A coefficients. The core of the program determines discrete eigenvalues and eigenfunctions of the radial Schroedinger equation. We used LEVEL to calculate the number, energy and wavefunction of each vibration-rotational level for a given one-dimensional potential. These were then used to calculate Einstein A coefficients for dipole transitions between all bound vibration-rotation levels of each isotopologue.
The Schroedinger equation which is numerically solved by the program is :
where µ is the effective reduced mass of the system, J the rotational quantum number, v the vibrational quantum number, VJ (R) is the effective potential of the molecule, R being the distance between the two atoms of the molecule. VJ (R) is defined by:
where VBO is the potential in the Born Oppenheimer approximation and V ad are the adiabatic corrections. The core of the calculation is to determine the eigenvalues Ev,J and eigenfunctions ψv,J (R) of the effective potential VJ (R). In order to obtain such information, one has to provide input data to the program. The physical data are the masses of the atoms of the diatomic molecule, its effective potential as a function of the internuclear distance R and the dipole moment, also as a function of the internuclear distance R.
For each isotopologue, VBO was that calculated using the Born-Oppenheimer approximation by Kolos and Peek (1976) . This potential was corrected for adiabatic effects (Bishop and Cheung 1979) , which accounts for some of the coupling between electronic and nuclear motion. The corrections were given by Bishop and Cheung (1979) The effective potential allows for adiabatic effects.
Adjusting the masses allows, at least partially, for nonadiabatic effects. We calculated energy levels for several reduced masses given by Coxon and Hajigeorgiou (1999) . We tested the nuclear reduced mass, µ nucl , which does not take account of the electrons, the atomic reduced mass µat, which takes full account of the electrons and the effective, µ ef f , and dissociation, µ diss , reduced masses which have intermediate values. We compared our transition frequencies calculated using the dipole selection rules (∆J=±1, ∆v any) with the experimental transition frequencies tabulated by Coxon and Hajigeorgiou (1999) . The results are summarised in tables 1 and 2. Use of the dissociation reduced mass leads to the best results (see tables 1 and 2). Since the dissociation reduced mass is the most appropriate for high-lying (near dissociation) levels, it should also be the best for levels yet to be observed experimentally. We therefore used this mass for all further calculations presented here. Using SI units, the Einstein
coefficient is related to the transition dipole by:
We used the electric dipole moment data for 4 HeH + given in Saenz (2003) . These data could not be used directly as Saenz tabulates only the electronic dipole moment which is the contribution of the electrons to the dipole moment, without taking account of the nuclear charges of H and He.
To use these data we first had to take account of H and He and then to translate the dipole to the centre of mass for each isotopologue, our results are given in 
The Partition Function
The internal partition function is defined by:
where k is Boltzmann's constant. The energy of the i th level relative to the vibration rotation ground state is given by Ei and its degeneracy by gi. gi is given by (2J + 1). As we computed all the energy levels, we used this data list and made a direct summation of each level i. The partition functions of 4 HeH + and its isotopologues are given in table 5.
We fitted the partition functions of the isotopologues to the standard form of Irwin (1981):
where θ= 5040 T
. The coefficients an are given in table 6. This fit reproduces all our data to within better than 0.9%. For 4 HeH + , our results agree reasonably with those of Table 1 . Difference between the experimental rotation-vibrational transition frequencies and the theoretical ones calculated with different reduced masses for 4 HeH + , the experimental frequencies and the reduced masses are from Coxon and Hajigeorgiou (1999) . Sauval and Tatum, although our Qvr is significantly lower at high temperatures. We know of no data on the partition function for the other isotopologues.
THE OPACITY OF ZERO-METALLICITY STARS
The Opacity of HeH
+
The monochromatic opacity or absorption coefficient κν is given by the relation:
where for the particular combination of units of dipole moment in Debye, Einstein A coefficients in s −1 and wavenumber in cm −1 , the integrated intensity Si in cm per molecule, is given by:
fi is the line profile, which is assumed to result from the Doppler effect, νi0 is the central frequency of line i and ν is the frequency where the monochromatic opacity is calculated. To calculate κν we took account of the lines whose frequency νi0 was in the region [ν −∆ν, ν +∆ν]. The opacity function for one species is the set of all the values κν(ν). So to compute the opacity function of the molecular ion HeH + , we had to obtain κν for all frequencies. We calculated the opacity functions of all the isotopologues of HeH + and included them in the program LoMES (Harris et al. 2004 , to be submitted) to take account of them in the calculation of the total opacity, see next section. In figure 1 we give the opacity of 4 HeH + . Inspecting this shows that we can already assume that this molecular ion will only have an effect on the opacity for wavenumbers under 5000 cm −1 .
Calculation of the Total Opacity
We used program LoMES which was written to calculate the effect of H + 3 (Harris et al. 2003 free-free and bound-free. Finally, H I line absorption are included by using the STARK subroutine from the ATLAS12 program (Kurucz 1993) . For more details concerning program LoMES, see Harris et al. (2004, to be submitted). Harris et al. (2003) showed that H + 3 influences the opacity of metal poor stars. H + 3 contributes to opacity both through electron donation and by direct absorption. In fact, in a zerometallicity gas there are four different mechanisms which control the opacity (Lenzuni et al. 1991) : collision-induced absorption by H2; Rayleigh scattering by H, H2 and He; Thomson scattering by e − and free-free and bound-free absorption by H − . The last mechanism dominates the opacity at densities which can be found in stellar atmospheres (10 −10 g cm −3
ρ 10 −6 g cm −3 ), at temperatures between 3500 and 7000K and it was shown (Harris et al. 2003 ) that H + 3 , acting as an electron donor, increased the abundance of H − and hence was found to contribute up to 15% to the opacity via line absorption. This is far smaller than its indirect effect on the opacity through electron donation (it can increase the opacity by a factor of three). On the other hand, the effect of H + 3 on the opacity is only important at densities higher than 10 −8 g cm −3 . So, for very low-metallicity stars having a very low density, the molecular ion HeH + could have an effect on their opacity because of its strong dipole moment, particularly in cases where the He to H ratio is high.
The Number Density of HeH + and Its Isotopologues
In this work we use the LoMES equation of state subroutine which is an improved version of the equation of state used by Harris et al. (2003) . LoMES uses the Saha equation to build a set of 13 nonlinear simultaneous conservation equations. These equations are then solved for molecular equilibrium by using a multivariable Newton-Raphson iteration. This technique has been well documented in the past (e.g. Kurucz 1970 ). The LoMES subroutine assumes a preset metal mix, and takes input of hydrogen, helium and metal number fraction, as well as temperature. The user can choose either density or pressure as the final state variable. LoMES returns the density or pressure along with the number densities of the 87 species including electrons.
In this work we focus on pure hydrogen-helium mixes, so that we set the metal number fraction to near zero (10 −30 ). This allows us to avoid the potential numerical problems of setting the number fraction to zero, whilst the effects of the metals are insignificant.
The number density NHeH of HeH + was calculated by the program and we had to find the proportions of the dif- Sauval and Tatum (1984) .
ferent isotopologues in the number density of HeH + . As we were interested in metal poor stars formed from primordial material, we considered that the proportions of the isotopologues of HeH + were the same as in the primordial Universe. To find these proportions, we used data given in Coc et al. (2004) The total opacity was obtained by summing each opacity multiplied by the corresponding density fraction. We investigated the effect of HeH + on the opacity of zerometallicity stars for different conditions, the results are discussed in the next section.
RESULTS AND DISCUSSION
In order to find the importance of HeH + in zero-metallicity stars, we have calculated the total opacity for different temperatures T , densities ρ and hydrogen number fractions Xn. The total opacity takes account of all the hydrogen and helium species including H + 3 but with or without HeH + to investigate its effect.
First we made a calculation using the solar hydrogen number fraction (Xn=0.92) and a temperature of 3500 K where the effect of H + 3 is maximum (Harris et al. 2003 Figure 2 . Opacity function taking account of all the hydrogen and helium species, including H + 3 in the upper graph and including H + 3 and HeH + in the lower graph, for a density ρ=10 −9 g cm −3 , a temperature T =3500 K and a hydrogen number fraction Xn=0.1.
HeH
+ . HeH + contributes to opacity only for wavenumbers between 0 and 5000 cm −1 (see figure 1) However they become visible, but not very important, at densities lower than 10 −10 g cm −3 and for a temperature around 3500 K.
We then decreased the hydrogen number fraction (Xn=0.8 to 0.1), that means increased the helium number fraction. We found that HeH + lines become more important as the helium number fraction increases.
Keeping the hydrogen number fraction equal to 0.1, we varied the temperature and the density. With this high helium number fraction, HeH + lines are clearly visible for higher densities from 10 −8 , even 10 −6 g cm −3 , their maximum effect is for a density of 10 −9 g cm −3 and a temperature of 3500 K (see figure 2) .
For a high helium number fraction, HeH + lines become important even for densities around 10 −8 g cm −3 and are more important for a temperature around 3500K. Thus the helium number fraction seems to be the most important parameter in determining the role of HeH + . Thus, if one hopes to detect HeH + in a star's atmosphere, the best conditions are a very low density (ρ 10 −9 g cm −3 ), a temperature around 3500 K and a high number fraction of helium.
As H + 3 , HeH + influences the opacity by direct absorption and by electron donation, but our tests showed the latter is unimportant compared to the direct absorption. Indeed, we checked the effect of HeH + as an electron donor. For a hydrogen number density of 0.1 or less, the effect of the electron donation by HeH + becomes important but only for high densities (ρ 10 −4 g cm −3 ).
CONCLUSION
We have calculated all the energy levels of 4 HeH + , 3 HeH + , 4 HeD + and 3 HeD + and the Einstein A coefficients corresponding to each rotation-vibrational transitions and pure rotational transitions. Thus we have obtained complete line lists for all the isotopologues of HeH + . These transition data could also be important for nebular and interstellar studies. The partition functions of each isotopologues have been computed by direct summation of the energy levels. These data have been then used to calculate the opacity of HeH + . The total opacity has been calculated for zerometallicity gas, taking account of the isotopic composition of the primordial Universe. We have used an updated version of the program which was used to investigate the effect of H + 3 by Harris et al. (2003) . The total opacity has been calculated for different temperatures, densities and number fraction of hydrogen.
We have checked the validity of Harris et al.'s (2003) effective neglect of the molecular ion HeH + when they studied the effect of H + 3 . Their results are correct because they were interested in high densities, around 10 −6 g cm −3 and in a solar helium number fraction. However, HeH + lines become visible for very low densities (10 −10 g cm −3 ) when the helium number fraction is solar, and for temperatures near 3500 K. Moreover, when the helium number fraction is high (0.9), HeH + lines can be strongly seen for higher densities (ρ 10 −6 g cm −3 ) and are still more important for a temperature around 3500 K and a density of 10 −9 g cm −3 . The stars whose observed energy distributions were analysed by Bergeron and Leggett (2002) seem to satisfy these conditions. Indeed, Bergeron and Leggett (2002) stud-ied two cool white dwarfs LHS 3250 and SDSS 1337+00 and showed that the best predictions for their observed energy distributions were given by simulations using extreme helium compositions. They concluded that their cool white dwarfs should have helium-rich atmospheres and effective temperatures below 4000 K. The simulations closest to their observations for these stars were for low masses (less than 0.7 M⊙), temperatures around 3300 K and very high He to H ratios (more than 10
3 ). These stars seem to be good candidates to look for HeH + . HeH + appears to have been largely neglected in atmospheric models for cool white dwarfs (Stancil 1994 , Bergeron et al. 2001 . A study on the effects of including HeH + in cool helium rich white dwarfs will be presented elsewhere (Harris et al. 2005) .
